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It has been long appreciated that, during meiosis,
DNA replication is coordinated with the subsequent
formation of the double-strand breaks (DSBs) that
initiate recombination, but a mechanistic under-
standing of this process was elusive. We now show
that, in yeast, the replisome-associated components
Tof1 and Csm3 physically associate with the Dbf4-
dependent Cdc7 kinase (DDK) and recruit it to the
replisome, where it phosphorylates the DSB-promot-
ing factor Mer2 in the wake of the replication fork,
synchronizing replication with an early prerequisite
for DSB formation. Recruiting regulatory kinases to
replisomes may be a general mechanism to ensure
spatial and temporal coordination of replication
with other chromosomal processes.INTRODUCTION
Chromosome replication, repair, and segregation are regulated
to ensure their fidelity and to integrate them with one another
and other cell-cycle events. Some of this control is cell-wide,
e.g., via oscillation of cyclin-dependent kinases (CDKs), but
spatially patterned regulation is often critical. For example, repli-
cation is coordinated locally with sister chromatid cohesion
(Sherwood et al., 2010) and reconstitution of chromatin (Smith
and Whitehouse, 2012). Few regulatory modules connecting
replication to other processes are understood in detail.
Replication is also coordinated with initiation of meiotic
recombination. Meiosis appends two rounds of chromosome
segregation to one round of DNA replication to make haploid
gametes. During meiosis in most organisms, homologous
recombination occurs at many locations across the genome.
Recombination promotes pairing and segregation of homolo-
gous chromosomes and increases genetic diversity, but there
is also potential for harm if DSBs are repaired incorrectly or not
at all (Hochwagen and Amon, 2006). Thus, cells tightly regulate
Spo11, the protein that generates DSBs (Keeney, 2007; Mura-
kami and Keeney, 2008).DSBs in Saccharomyces cerevisiae usually occur 90 min
after replication and break timing is dictated by local replication
timing (Borde et al., 2000). Yeast chromosome (chr) III has seven
major replication origins (autonomously replicating sequences
[ARS]) (Newlon et al., 1993) (Figure 1A, right). In wild-type
(ARS+), meiotic DNA replication occurs at similar times on both
arms of chr III, but left-arm replication can be delayed 30 min
by inactivating that arm’s origins (arsD). This delays DSB forma-
tion on the left arm by the same margin, without affecting timing
elsewhere (Borde et al., 2000). In ARS+/arsD heterozygotes,
delay of both replication and DSBs occurs only on the origin-
deleted copy of chr III, so this DSB control works in cis (Murakami
et al., 2003). In Schizosaccharomyces pombe, altering origin-
firing patterns changes DSB frequency, thus replication-DSB
coordination may be conserved (Wu and Nurse, 2014).
How is temporospatial coordination achieved? It was once
thought that replication is a strict prerequisite for DSBs (Borde
et al., 2000;Smith et al., 2001), butSpo11canbreakunduplicated
chromosomes efficiently when the replication initiation factor
Cdc6 is depleted in S. cerevisiae (Blitzblau et al., 2012; Hochwa-
gen et al., 2005) or when replication is blocked in S. pombe (Mur-
akami and Nurse, 2001; Ogino and Masai, 2006; Tonami et al.,
2005). Thus, replication is dispensable for DSBs per se.
An alternative hypothesis builds on DSB control by the cell-
cycle regulatory kinases CDK-S (CDK plus an S phase cyclin,
Clb5, or Clb6) and DDK (Cdc7 kinase and its regulatory subunit
Dbf4) (Murakami and Keeney, 2008). DSB formation requires
that both of these kinases phosphorylate Mer2, one of nine pro-
teins required along with Spo11 for DSB formation (Henderson
et al., 2006; Sasanuma et al., 2008; Wan et al., 2008). Mer2 asso-
ciates with chromosomes independently of phosphorylation, but
phosphorylation allows it to recruit other DSB proteins (Hender-
son et al., 2006; Panizza et al., 2011; Sasanuma et al., 2008). In
mitotic S phase, DDK controls origin firing by phosphorylating
replicative helicase components (Labib, 2010). In meiosis, DDK
activity is limiting early and lower levels are needed for origin firing
than for DSB formation (Matos et al., 2008; Wan et al., 2008).
Similar differences may apply for CDK-S (Henderson et al.,
2006). Hence, when meiosis begins and CDK-S and DDK activ-
ities start rising, levels needed for replication are reached before
thresholds required forDSBs.Thiscanaccount for replicationnor-
mally preceding DSB formation andDSBs forming in the absenceCell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc. 861
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Figure 1. Replication-DSB Coordination
Requires Limiting DDK Levels
(A) Left: a kinase (DDK and/or CDK-S) phosphor-
ylates Mer2 specifically on replicated chromatin,
promoting recruitment of other proteins needed
for DSB formation. Right: chr III right-arm origins
(filled boxes) and deleted left-arm origins
(crossed-out boxes).
(B) DSB kinetics. (Top) Southern blots of genomic
DNA extracted during sporulation and separated
by PFGE. Chr III was detected with a CHA1 probe.
(Bottom) Normalized, Poisson-corrected DSB
frequencies; green numbers are between-arm
time differences (DtL–R).
(C) DDK overproduction suppresses the DSB
delay caused by delaying replication. Each point is
an independent culture; bars are mean ± SD.
(D and E) Western blot analyses of wild-type and
DDK-overexpressing strains. Kar2 is a loading
control. For each strain, a single blot was analyzed
sequentially for Dbf4, Cdc7, and Kar2; for
simplicity, only the relevant results from each
immunoblot are shown here. The Kar2 images
from the wild-type strain were intentionally dupli-
cated in (D and E) to facilitate comparison. DBF4-
db is a destruction box mutant (R62A, F65A)
(Ferreira et al., 2000).
See also Figures S1 and S2.of replication, but does not explain replication-DSB coordination
in cis. However, if Mer2 phosphorylation occurs preferentially on
replicated chromatin, this could spatially coordinate replication
and DSB timing (Murakami and Keeney, 2008) (Figure 1A, left).
This model provided a plausible framework, but alternative
scenarios were possible (Hochwagen and Amon, 2006), and it
was unclear how Mer2 phosphorylation is targeted to replicated
regions. Here, we show that key predictions of themodel aremet
and provide evidence that replication is connected to DSB for-
mation via recruitment of DDK to replisomes. Our findings sug-
gest a paradigm for how replication can be coordinated locally
and temporally with other chromosomal events and illuminate
an aspect of the control of DDK activity.
RESULTS
Experimental System
To measure DSB timing, genomic DNA embedded in agarose
plugs is prepared from synchronous meiotic cultures then sepa-
rated by pulsed-field gel electrophoresis (PFGE) and detected by
Southern blotting (Figure 1B, top). We quantify DSBs on right and862 Cell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc.left arms,Poisson-adjust tocorrect formul-
tiple breaks on the same chromatid, and
normalize to peak values (Figure 1B, bot-
tom; Experimental Procedures). The time
difference between right and left arms
(DtL–R) is then compared between isogenic
ARS+andarsDstrains (Figures1Band1C).
On average, a wild-type ARS+ strain
formed DSBs slightly later on the leftarm (DtL–R = 8.6 ± 1.6 min, mean ± SD), while an origin-deleted
strain showed a greater time difference (36.2 ± 4.2 min, p =
0.00044, t test) (Figures 1B and 1C). This 30 min DSB delay
from origin inactivation matches prior findings (Borde et al.,
2000).
Two features allow sensitive and robust measurement of repli-
cation-DSB coordination. First, origin inactivation forces the left
arm of nearly every chr III in the population to replicate later than
its right arm, via a fork initiated in the right arm. This minimizes
confounding effects of cell-to-cell variation in time of origin firing.
Second, left- and right-arm DSBs are assessed in the same cul-
ture. Internally controlled measurement of relative DSB timing is
critical, as absolute timing cannot be determined with similar
precision because culture-to-culture variation can be large
(Cha et al., 2000).
High DDK Levels Eliminate the DSB Delay Caused by
Delaying Replication
For preferential phosphorylation of Mer2 on replicated chro-
matin, the kinase’s activity must be limiting, because excess ki-
nase could phosphorylate Mer2 wherever it was located. DSB
formation requires higher DDK activity than replication (Hollings-
worth and Sclafani, 1993; Matos et al., 2008; Schild and Byers,
1978;Wan et al., 2006), sowe asked if replication-DSB coordina-
tion is compromised when DDK is overproduced.
As in prior studies (Matos et al., 2008), endogenous Cdc7 and
Dbf4 were low or undetectable in wild-type after presporulation
growth, remained low for 2–3 hr in sporulation medium, and
reached maxima at 5–6 hr (Figures 1D and 1E). Cdc7 then re-
mained abundant while Dbf4 declined. To overexpress DDK,
we drove CDC7 and DBF4 with the meiotically induced IME1
promoter (PIME1) in strains with intact CDC7 and DBF4. PIME1-
CDC7 produced more Cdc7 at all time points: Cdc7 at 0 hr
was comparable to 4 hr in wild-type, with a peak (5 hr) 2-fold
higher than wild-type (6 hr) (Figure 1D).
PIME1-DBF4 overproducedDbf4 at later time points (3–8 hr) but
not earlier (0–2 hr) (Figure 1E), sowe introduced adestruction box
mutation (DBF4-db) that stabilizes the protein against anaphase-
promoting complex (APC)-directed proteolysis inmitoticG1 (Fer-
reira et al., 2000). This construct elevated Dbf4 at 0–2 hr to a level
not reached by wild-type until 3 hr (Figure 1E), so Dbf4 is
controlled by APC early in meiosis. More importantly, these con-
structs providedgradedoverexpression in early prophase. Spore
viabilities were high in ARS+ and arsD backgrounds (90% and
84%, respectively) (Figure S1A available online).
In an ARS+ strain, the relative timing of right- and left-arm
DSBs was unaffected by overexpressing both Cdc7 and Dbf4
(DtL-R = 5.5 ± 4.4 min), but in arsD the left-arm delay was
completely eliminated (DtL-R = 7.6 ± 4.9 min; p = 0.76) (Figures
1B and 1C). Left-arm DSBs were still delayed in an arsD strain
carrying PIME1-CDC7 plus PIME1-DBF4 lacking the stabilizing
mutation (DtL-R = 33.3 min), so overexpressing Cdc7 alone is
not sufficient to alter DSB timing (Figure S2A). However, PIME1-
DBF4-db alone partially attenuated the delay (DtL–R = 17.7 min)
(Figure S2A). Because Cdc7 was detected at early times in
wild-type (Figure 1D), we infer that DDK activity is partially
increased by driving up Dbf4 expression. DSBs were still
Spo11-dependent in DDK-overproducing strains (Figure S2B),
ruling out inappropriate activation of nuclease(s) such as Nuc1.
We assessed replication kinetics to exclude that DDK overpro-
duction alters replication timing (e.g., by firing cryptic origins).
For a population of S phase cells, DNA of early-replicating re-
gions is overrepresented relative to later regions (Blitzblau
et al., 2012; Yabuki et al., 2002). We sequenced DNA from pre-
meiotic cells (G1) and at 30min intervals from 1–4 hr during spor-
ulation and normalized the read density inmeiotic S phase to that
in G1. Then, we defined a ‘‘replication index’’ as –log2(relative
coverage); the sign inversionmakes the replication index propor-
tional to time, i.e., earlier replication gives a smaller value (Fig-
ure 2A). The results matched prior reports well (Blitzblau et al.,
2012) (Figures 2B and 2C). As expected for delayed replication
of the origin-deleted left arm, wild-type ARS+ and arsD strains
displayed similar replication indices except for the left arm in
the arsD strain (Figures 2D and 2E), beginning during S phase
(2.5 hr) (Figure 2F). The delay was retained in the arsD strain
overproducing DDK (Figures 2E and 2F), confirmed by direct
analysis of replication intermediates (Figure S3).
Thus, when DDK is overexpressed, inactivation of left-arm
origins still delays replication of that arm but no longer delaysDSB formation. We conclude that excess DDK—and by infer-
ence its kinase activity—compromises temporospatial coordi-
nation of replication and DSBs in a dose-dependent manner.
Components of the Fork Protection Complex Interact
with Dbf4 and Coordinate Replication with DSB Timing
Howmight DDK activity be preferentially targeted to replicated re-
gions? One possibility was suggested by interaction of the
S. pombe ortholog of DDK (Hsk1-Dfp1) in vegetative cells with
the Swi1-Swi3-Mrc1 complex (Tof1-Csm3-Mrc1 in S. cerevisiae
and Timeless-Tipin-Claspin in vertebrates) (Matsumoto et al.,
2005; Shimmoto et al., 2009). This ‘‘replication fork protection
complex’’ (FPC) associates with replisomes (Bando et al., 2009;
Katou et al., 2003), where it has poorly understood functions in
transducing intra-S phase checkpoint signals, stabilizing repli-
somes under stress, pausing forks, and establishing sister chro-
matid cohesion (McFarlane et al., 2010). We hypothesized that
DDKmight be recruited to forks via DDK-FPC interaction, perhaps
transiently, thusphosphorylatingMer2 in thewakeof forkpassage.
To determine if DDK interacts with the FPC during meiotic
S phase in S. cerevisiae, we tested for coimmunoprecipitation
(coIP) in DNase-treated extracts prepared at 2 hr in meiosis.
IPs in both orientations specifically coprecipitated HA-tagged
Tof1 with overexpressed Myc-tagged Dbf4-db (Figure 3A,
lane 4). However, only a small fraction of each protein was copre-
cipitated, and we did not detect coIP with low Dbf4 expression,
i.e., if Dbf4 contained an intact destruction box (Figure 3A,
lanes 3). Thus, DDK and FPC can interact physically, but this
interaction (whether direct or indirect) is likely transient in vivo
and/or unstable under IP conditions.
Importantly, both Tof1 and Csm3 are essential for replication-
DSB coordination: in the absence of Tof1, origin inactivation no
longer delayed left-arm DSBs (DtL–R = 3.3 ± 7.2 min in ARS+,
versus 0.3 ± 3.5 min in arsD) (Figures 3B and 3C), despite reten-
tion of replication delay (Figures 2E, 2F, and S3). Deleting CSM3
had a similar effect (DtL–R = 6.8 ± 8.2 min in ARS+, versus 11.2 ±
7.1 min in arsD), but mutating MRC1 did not (1.3 ± 10.0 min
versus 33.6 ± 21.3 min) (Figures 3C and S2C). Spore viability
was decreased in tof1D and csm3D mutants and was made
worse by origin deletion (80% in ARS+ versus 60% in arsD;
Figure S1A). Even lower spore viability was seen in mrc1D, but
origin deletion did not alter this (66%–73%; Figure S1A).
Decreased spore viability inmrc1Dmay be due to random spore
death rather than defects in chromosome segregation (LeClere
et al., 2013) (see Discussion for tof1D and csm3D).
Tof1 and Csm3 are mutually dependent for replisome associ-
ation and are required for Mrc1 binding to replisomes (Bando
et al., 2009). In contrast, Mrc1 is required for FPC checkpoint
functions (Alcasabas et al., 2001), but Tof1-Csm3 still interact
with replisomes in its absence (Bando et al., 2009). Therefore,
we conclude that Tof1-Csm3—but not the intra-S phase check-
point—is required for replication-DSB coordination, possibly via
DDK recruitment.
Tethering Dbf4 to Replisomes Bypasses the FPC
Requirement
If the principal function of Tof1-Csm3 in replication-DSB coordi-
nation is to link DDK to the replisome, we reasoned that theCell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc. 863
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Figure 2. Neither DDK Overproduction nor tof1 Deletion Alleviates the Replication Delay Caused by Origin Deletion
(A) Replication profiling. Red lines: partially replicated molecules in S phase; blue line: unreplicated DNA in G1. If S phase coverage is normalized to G1 and –log2
transformed, the resulting ‘‘replication index’’ is negative for early replicating regions and positive for late regions.
(B–D) Reproducibility. (B) Replication indexmaps from this study (wild-typeARS+, 3.5 hr) and a prior study (Blitzblau et al., 2012). (C)Whole-genome comparison.
(D) Comparing replication indices of ARS+ (3.5 hr) and arsD (3 hr) cultures. Points are 5 kb overlapping bins; black line in (B) is a smoothed fit (loess). In (D), chr III
left-arm bins (red) have higher replication indices (later replication) in the arsD strain.
(E) In all three backgrounds, replication indices on chr III left arm (cyan region) are higher in arsD strains. Chr I and II are internal controls. Time points best
correlated with data of Blitzblau et al. (2012) were chosen (3.5 hr for wild-type ARS+ and DDK-overproducing arsD strains, 3 hr for the rest). Vertical dashed lines
indicate centromeres.
(F) Time course of replication difference between ARS+ and arsD. Each point shows the difference (arsD – ARS+) of replication indices for the indicated arm or
chromosome. Delayed replication yields larger values for the left arm of chr III in arsD strains, beginning in S phase.
See also Figure S3.Tof1-Csm3 requirement should be bypassed by artificially teth-
ering DDK to the replisome by fusing it to a core component of
the replication machinery (Figure 3D). To test this prediction,
we integrated DBF4 in-frame at the 30 end of the CDC45 locus.
Cdc45 is a subunit of the CMG complex (Cdc45-MCM-GINS)
thought to be the replicative helicase (Labib and Gambus,
2007). Cells grew normally with the fusion as the only source of864 Cell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc.Cdc45 (Figure S1B), and CDC45-DBF4 complemented dbf4D,
albeit with a mild slow-growth defect (Figure S1C). Thus, both
Cdc45 and Dbf4 moieties are functional. The CDC45-DBF4
tof1D double mutant was also viable, but the fusion exacerbated
a tof1D growth defect (Figure S1D) and spore viability was
reduced (26%–35%; Figure S1A), indicating the fusion may
cause deleterious replication stress in tof1D.
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Figure 3. Role of Tof1 in Replication-DSB
Coordination
(A) CoIP of Tof1 and Dbf4 from whole cell extract
(WCE) at 2 hr in meiosis.
(B) Representative DSB timing analyses (layout as
in Figure 1B; additional data in Figure S2C).
(C) The FPC but not its checkpoint function are
required for replication-DSB coordination. Dotted
blue lines are mean DtL-R for ARS+ and arsD in
wild-type background (from Figure 1C).
(D) Artificially tethering DDK to replication forks by
fusing Dbf4-Myc to Cdc45.
(E) Delayed DSB formation in tof1D. Left: phos-
phorylated Orc6 and left-arm DSB signals from a
wild-type ARS+ strain. Lines are least-squares fits.
Dotted lines are times when signals reached 50%
of maximum. Right: each dot represents a single
culture. Lines are mean and SD: 18.4 ± 11.3 min
for wild-type; 10.3 ± 18.7 min for the DDK-over-
producing strain; and 37.9 ± 17.9 min for tof1D.
Data from wild-type ARS+ and arsD strains were
pooled. *p < 0.05 (one-tailed t test).
See also Figure S4.The Cdc45-Dbf4 fusion greatly rescued replication-DSB coor-
dination in the absence of Tof1. In a CDC45-DBF4 tof1D back-
ground, inactivation of left-arm origins went back to causing a
delay in DSB formation (DtL-R = 5.9 ± 4.0 min in ARS+, versus
19.9 ± 3.4 min in arsD, p = 0.023; Figures 3B and 3C), although
DtL-R was not restored to the value in an otherwise wild-type
background (i.e., arsD TOF1+: 36.2 ± 4.2 min, Figure 1C). Incom-
plete bypass may reflect the fusion protein being only partially
functional as a substitute for normal DDK recruitment, roles for
Tof1 in addition to DDK recruitment, and/or compensatory atten-
uation of replication-DSB coordination if the fusion yields
modest Dbf4 overexpression. Nonetheless, the ability of this arti-
ficial system to substantially bypass the Tof1 requirement argues
strongly that recruitment of DDK to replisomes is a key compo-
nent of replication-DSB coordination.
Changes in the Absolute Time of DSB Formation
In principle, compromising replication-DSB coordination should
change absolute DSB timing, not just relative to local replication.Cell 158, 861–873One prediction is that global DSB forma-
tion should be delayed in tof1D because,
without the targeting system, DDK might
need to reach a higher level than normal.
Conversely, when DDK is overproduced
its targets are presumably phosphory-
lated prematurely, so DSB formation
should be accelerated locally on the
origin-deleted left arm and might even
occur earlier than normal genome wide.
As it is difficult to assess absolute
timing because of high culture-to-culture
variability, we measured the time be-
tween DSB formation and an early
meiotic event in the same cultures (Fig-
ures S4A and S4B). We used CDK phos-phorylation of the origin-binding factor Orc6, which marks S
phase onset (Weinreich et al., 2001) (Figure S4B). We analyzed
DSBs on the right arm of chr III, as these should be unaffected
by origin deletion on the left. To smooth noise and improve pre-
cision, we fitted logistic (Orc6) or log-normal (DSB) functions to
data points (Figures 3E and S4C).
We observed longer times between Orc6 phosphorylation
and DSB formation in tof1D (p = 0.04, one-sided t test) (Figures
3E, S4C, and S4D), so DSB formation is indeed delayed in the
absence of Tof1, as predicted. In contrast, DSB timing was not
significantly affected by DDK overproduction (p = 0.22) (Fig-
ures 3E, S4C, and S4D). Our method may not be sensitive
enough to detect small differences, but it is also possible
that the earliest time when DSBs can form is constrained by
other factors aside from DDK, such as the intra-S phase
checkpoint (Blitzblau and Hochwagen, 2013) or the need to
accumulate Spo11 and other proteins. Importantly, however,
combining this result with those in Figure 1C shows that DSB
acceleration on the left arm is how DDK overproduction, August 14, 2014 ª2014 Elsevier Inc. 865
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Figure 4. Rec114 Chromatin Association Is Temporally Coordinated with Replication
(A) Primer pairs (PP) used for Rec114 ChIP-qPCR. Not to scale. PP6 is a site with low Rec114 signal used to scale ChIP-seq data (Figure S5A).
(B) Transient Rec114 chromatin association, color coded as in (A). Lines are least-squares fits (see C); tRec114 values are indicated. Mock controls are in gray. Note
that control loci (GAT1 and ERG1) had a mean difference of 16.5 min between ARS+ and arsD strains, indicating fluctuation between cultures rather than
genotypic difference.
(C) Illustration of two-step curve fitting. A log-normal curve (dashed line) is fitted to all points to define the peak (black circle), then a logistic curve (solid line) is
fitted to early points; tRec114 is where the logistic curve reaches 50% of the peak level.
(D) Origin deletion delays Rec114 chromatin association. Fitted curves from (B) were normalized by peak height and averaged separately for left-arm (red), right-
arm (blue), and control (green) loci, then overall left-arm versus right-arm time differences were determined.eliminates right-versus-left arm timing difference in origin-
deleted strains, as predicted.
Delaying Replication Delays Rec114 Accumulation in cis
Mer2 is a strong candidate for replication-associated phosphor-
ylation because it is a direct DDK target (Sasanuma et al., 2008;
Wan et al., 2008) and binds chromatin prior to and independent
of phosphorylation (Henderson et al., 2006). We thus predicted
that Mer2 phosphorylation is locally coordinated with replication
timing. As suitable antiphospho-Mer2 antibodies are unavai-
lable, we used Rec114 chromatin association as an indirect
readout of Mer2 phosphorylation. Rec114 is meiosis-specific,866 Cell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc.is essential for DSB formation, and interacts physically with
Mer2 (Keeney, 2007). Mer2 phosphorylation modulates Mer2-
Rec114 interaction (Henderson et al., 2006) and promotes
Rec114 binding to chromatin (Panizza et al., 2011; Sasanuma
et al., 2008). We therefore performed chromatin IP (ChIP) to
assess when and where binding of myc-tagged Rec114 occurs
relative to replication.
We measured Rec114 ChIP efficiency (IP as percent of input)
using quantitative PCR (qPCR) with primer pairs for two loci on
the left arm of chr III, three loci on the right arm (two major
Rec114 sites and one minor), and two loci near strong DSB hot-
spots on chr VI (GAT1) and chr VII (ERG1) (Figure 4A). GAT1 and
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Figure 5. Genome-wide Correlation be-
tween Replication and Rec114 Accumu-
lation
(A) Delaying replication delays Rec114 accumula-
tion on the entire left arm of chr III. Rec114 ChIP
and input DNA were sequenced and read
coverage (ChIP/input) was scaled with qPCR data
(Figure S5A). Chr VI is an internal control. Dashed
lines are centromeres.
(B) Reproducibility between ARS+ and arsD cul-
tures for timing of Rec114 ChIP (left) and replica-
tion (right). Left: each point is the tRec114 for a
Rec114 ChIP peak (Figure S5E). Right: replication
indices (from ChIP input DNA) in nonoverlapping
5 kb windows.
(C) Correlation between replication indices
(nonoverlapping 5 kb windows) from total genomic
DNA or ChIP inputs.
(D) Correlation between timing of replication and
Rec114 ChIP. Points are Rec114 peaks.
(E) Spatial patterns for timing of replication and
Rec114 ChIP on representative chromosomes.
Points are Rec114 peaks. Dashed gray lines,
centromeres; dashed blue lines, qPCR primer
pairs.ERG1 are internal controls whose replication and DSB timing
should be unaffected by changes on chr III. Rec114 ChIP
increased as meiosis progressed, was maximal at 2.5–4 hr,
then decreased (Figure 4B). ChIP signal was highly specific:
anti-myc ChIP was indistinguishable from negative controls
(mock IPs) in premeiotic cells (0 hr) when Rec114 is not ex-
pressed, and mock IPs gave little signal (Figure 4B).
We fitted a log-normal distribution to all time points to deter-
mine the peak in each Rec114 ChIP profile, then used this
peak to fit a saturating exponential growth (logistic) curve to early
time points to smooth the data and facilitate comparisons be-
tween loci and between time courses. We defined ‘‘tRec114’’ as
the time of 50% of maximum Rec114 ChIP (Figure 4C). Similar
results were obtained if we used other fitting methods or alterna-
tive definitions of tRec114 (Extended Experimental Procedures
and data not shown).
In the ARS+ strain, tRec114 was consistently earlier at the
left-arm sites than at the major right-arm sites or GAT1 andCell 158, 861–873ERG1 (Figure 4B). In contrast, the arsD
strain displayed later tRec114 on the left
arm versus the other sites (Figure 4B).
When the curves from left-arm primer
pairs and major right-arm primer pairs
were separately merged, the ARS+
strain showed an overall DtL-R for
Rec114 ChIP of 12.0 min, compared
with +14.4 min in arsD (Figure 4D). This
change (26.4 min) closely matched that
for DSBs (27.6 min; Figure 1C). The shift
in timing of left-arm versus right-arm
sites is clearly seen from inspection of
the individual ChIP data points (compare
red and blue points from 2–3 hr in Fig-ure 4D), so the overall conclusion is independent of the
smoothing exercise.
We extended the analysis by deep-sequencing the ChIP
samples. Sequence coverage was normalized to coverage
from input samples, then scaled using qPCR data (Figure S5A)
for a genome-wide measure of absolute ChIP signal (Figure 5A).
The 3 hr ChIP-seq map agreed well with a prior ChIP-microar-
ray map obtained at 4 hr (Panizza et al., 2011) (Figures S5B and
S5C), showing pronounced alternating peaks and valleys (Fig-
ures 5A and S5C). At 3 hr, the ARS+ and arsD strains had
globally similar Rec114 distributions (Figures 5A and S5D).
Moreover, Rec114 accumulated on all but chr III with similar
kinetics in ARS+ and arsD, except that the arsD strain began
to accumulate Rec114 slightly earlier, exemplifying culture-to-
culture variability in absolute timing (Figure 5A, right, and
data not shown). Importantly, however, the entire left arm of
chr III in the origin-deleted strain showed a distinct delay in
accumulating Rec114 (Figure 5A, left, and S5D). Because, August 14, 2014 ª2014 Elsevier Inc. 867
Rec114 binding to chromatin requires Mer2 phosphorylation,
we infer that delaying replication delays Mer2 phosphorylation
in cis.
Rec114 Accumulation onChromatin Is Coordinatedwith
DNA Replication Genome Wide
If coupling of Mer2 phosphorylation to replication is a general
feature, i.e., not limited to the artificial situation of origin-deletion
mutants, then we expect a global correlation between the timing
of DNA replication and Rec114 chromatin association. To test
this prediction, we measured tRec114 for >1,000 peaks of
Rec114 binding across the genome (Figure S5E). These mea-
surements agreed well between the ARS+ and arsD time
courses, except for the expected late accumulation specifically
in the left arm of the origin-deleted strain (Figure 5B, left). We
then generated replication indices for the same cultures using
the sequence coverage from the ChIP input samples for the
zero-hour (G1) and 2 hr (meiotic S phase) time points. Again,
the ARS+ and arsD cultures matched one another well except
for the left arm of chr III (Figure 5B, right), and these replication
indices agreed with those from sequencing of total DNA from in-
dependent cultures (Figure 5C).
As predicted, we found a strong correlation between timing of
replication and Rec114 ChIP, i.e., early replicating regions
tended to accumulate Rec114 early (Figure 5D). Likewise at
the level of individual chromosomes, the spatial distribution of
tRec114 values resembled the replication profile (Figure 5E and
data not shown). These findings argue strongly that Rec114
accumulation and, by inference, Mer2 phosphorylation are
coupled spatially and temporally to replication throughout the
genome.
Tof1 and the Dynamics of Rec114 Accumulation on
Chromatin
We further examined the effect of deleting TOF1 on Rec114
chromatin association. The results support the hypothesis that
Tof1 helps preferentially target Mer2 in replicated regions for
phosphorylation, but unexpected complexities also emerged.
In tof1D, Rec114 ChIP profiles resolved into two distinct peaks
or a peak plus a prominent shoulder (Figure 6A). Merging two
log-normal curves gave better fits than single curves (Figure 6A
and data not shown). This pattern was reproducible in two bio-
logical replicates (data not shown) and occurred at all loci
analyzed, indicating that biphasic Rec114 accumulation is an
intrinsic property of tof1D mutants. This pattern is not from two
populations of cells proceeding at different paces, because
other landmark events were not biphasic (Orc6 phosphorylation,
DNA replication, DSB formation, DSB disappearance, and
meiotic divisions; Figures 2F, 3B, and S4C). For TOF1+, we
cannot exclude occurrence of two waves with near coincident
timing, but fits were not improved with two curves (data not
shown).
We compared DSB presence with timing of the fitted Rec114
maxima, using as an internal timestamp the point when half of
each culture had passed MI. The early Rec114 maxima clearly
preceded DSB formation, whereas later maxima did not occur
until after steady-state DSB levels began to decline (Figure 6B).
Because the late Rec114 accumulation is too late to contribute868 Cell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc.to formation of most DSBs, and because our principal goal was
to ask if initial Rec114 chromatin association is temporally coor-
dinated with replication, we focused on timing estimated from
logistic regression of the early time points. When the fitted
curves were merged separately for left-arm and major right-
arm primer pairs, the ARS+ strain showed an overall DtL-R of
3.6 min, versus +6.3 min in arsD (Figure 6C). The net change
in DtL-R is thus smaller in a tof1D background (9.9 min) than in
TOF1+ (26.4 min). The residual apparent effect of origin deletion
on tRec114 may reflect imprecision in estimating timing, or a
small Tof1-independent component of replication-Rec114
coordination. Nevertheless, tof1 mutation clearly attenuates
the delay in Rec114 accumulation caused by delaying replica-
tion, so we infer that Tof1 temporally couples replication and
Mer2 phosphorylation, just as it couples replication timing to
DSB timing.
Interestingly, deleting left-arm origins caused a decrease in
Rec114 ChIP signal at left-arm loci in tof1D, primarily during
the first wave of Rec114 accumulation (Figure 6A). A similar
but less pronounced decrease also occurred in TOF1+
(Figure 4B). We also note that the later Rec114 ChIP
maxima (in both ARS+ and arsD) coincided with maximal
Dbf4 (and hence DDK) protein accumulation in wild-type
(compare with Figure 1E). Multiple factors regulate removal of
Rec114 and other proteins from chromosomes, including
negative regulatory circuits triggered by DSBs and by interac-
tions between homologous chromosomes (Carballo et al.,
2013; Thacker et al., 2014). It is thus plausible that chromo-
somal regions that have not experienced a DSB and/or
have not yet engaged in homologous synapsis may remain
permissive for Rec114 accumulation driven by sharply rising
DDK levels late in prophase. If so, this later wave appears
to contribute little to total DSB formation because there was
no evidence of a second peak in DSBs (Figure 3B). We
infer that uncoupling Mer2 phosphorylation from replication
causes complex changes in the balance between factors con-
trolling association and dissociation of pro-DSB proteins from
chromosomes.
Tof1Coordinates Replication andRec114 Accumulation
Genome Wide
To examine global patterns, we sequenced tof1D Rec114 ChIP
samples and scaled sequence coverage with the qPCR data
(Figure S6A). The tof1D ChIP-seq maps agreed with maps
from TOF1 strains, so Tof1 absence does not grossly alter
Rec114 distribution (Figures S6B and S6C). As expected, the
tof1D arsD strain had globally similar Rec114 distributions as
tof1D ARS+, except for reduced signal on the left arm of chr III
(Figure S6D).
When we measured tRec114 for >900 Rec114 peaks, the ARS+
and arsD time courses agreed well genome wide (Figure 6D,
left). As expected, loci on the left arm of chr III now showed
similar behavior in arsD and ARS+ strains, unlike in TOF1
(compare Figures 6D and 5B). Also as expected, replication
indices matched well between tof1D ARS+ and tof1D arsD cul-
tures except for the left arm of chr III (Figure 6D, right). These
replication indices also agreed with those from total DNA from
tof1D cultures (Figure 6E).
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Figure 6. Altered Rec114 Accumulation in
the Absence of Tof1
(A) Biphasic accumulation of Rec114 (ChIP-qPCR
data as in Figure 4B). Dashed lines merge two
fitted log-normal curves (magenta lines). In each
plot, tRec114 is on the left, and times of the first and
second peaks are upper right.
(B) Summary of event timing in tof1D cultures. The
number below DSB peak (2.0 ± 0.5 hr) indicates
mean ± SD.
(C) The delay in initial Rec114 accumulation
caused by origin deletion is attenuated in tof1D
cells. Merged logistic curves from (A) were set to
the same height then averaged separately for left-
arm (red), right-arm (blue), and control (green) loci.
Red and blue arrows indicate tRec114 for left and
right arms. The difference between arms (DtR–L)
and total difference between ARS+ and arsD
(Dt+/origin) are shown.
(D) Reproducibility of tof1D ARS+ and tof1D arsD
cultures for timing of Rec114 ChIP (left) and repli-
cation (right) (as in Figure 5B).
(E) Correlation of replication indices from total
genomic DNA or ChIP input samples (as in Fig-
ure 5C).
(F) Correlation between timing of replication and
Rec114 ChIP (as in Figure 5D).
(G) Spatial patterns (as in Figure 5E).
See also Figure S6.Importantly, deleting TOF1 greatly attenuated the genome-
wide correlation between replication timing and Rec114 ChIP
timing. Whereas replication timing explained 20% of the varia-
tion in tRec114 values in TOF1 cultures (R
2 = 0.194; Figure 5D), only
4% of the variation was explained in tof1D cultures (R2 = 0.036;
Figure 6F). Likewise, at the level of individual chromosomes,
the spatial distribution of tRec114 values lost its strong resem-
blance to the replication index maps, exhibiting rather flat pat-
terns across chromosomes (Figure 6G and data not shown;
compare with Figure 5E). These findings support the hypothesis
that Tof1 has a critical function in temporospatial coupling of
Mer2 phosphorylation with replication throughout the genome.Cell 158, 861–873DISCUSSION
We provide evidence that a key prerequi-
site for DSB formation—phosphorylation
of Mer2 by DDK—is linked to replication
via association of the kinase with repli-
some components. The molecular events
we envision are in Figure 7. In Figure 7A,
when cells enter meiosis, Mer2 (which is
upregulated in meiosis but constitutively
expressed at low levels) is already chro-
matin-bound independently of phosphor-
ylation. CDK-S and DDK levels begin to
rise, triggering replication origin firing.
CDK-SphosphorylatesMer2 in Figure 7B.
We infer this is at least partially indepen-
dent of replication and/or the FPC
because simply overproducing DDK ortethering it to the replisome was sufficient to disrupt replica-
tion-DSB coordination, even though Mer2 phosphorylation by
DDK is partially dependent on prior phosphorylation by CDK-S.
In Figure 7C, DDK recruited to forks by the FPC preferentially
phosphorylates Mer2 in replicating regions, whereas Mer2
bound to unreplicated regions remains unphosphorylated until
replication occurs there or enough DDK accumulates to obviate
fork-associated targeting. Sequestration of DDK by binding to
the FPCmay also effectively reduce the free pool of DDK, further
enhancing preferential phosphorylation of Mer2 in replicated re-
gions. The model is indifferent to whether DDK is constitutively
bound to replication forks or is recruited transiently, thereby, August 14, 2014 ª2014 Elsevier Inc. 869
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Figure 7. Temporospatial Coordination of DNAReplicationwith DSB
Formation
Events linking DSBs to replication.
(A) Mer2 binds chromatin independently of phosphorylation; CDK-S and DDK
levels begin to rise, firing replication origins.
(B) CDK-S phosphorylates Mer2, at least partially independent of replication.
(C) DDK recruited to replisomes by the FPC phosphorylates chromatin-bound
Mer2 encountered by the fork.
(D–G) Phosphorylated Mer2 recruits Rec114 and other proteins; higher order
chromosome structure changes form axis-loop interactions that lead to DSB
formation.increasing local DDK concentration in actively replicating
regions.
Key findings in this study are that DDK levels must be limiting;
that the FPC interacts with DDK and is required for replication-
DSB coordination, but becomes dispensable if DDK is tethered
artificially to replisomes; and an event downstream of DDK phos-
phorylation of Mer2 (Rec114 recruitment) is itself coordinated
with replication. Our results do not directly demonstrate the pre-
dicted recruitment of DDK to replication forks. An alternative
possibility is that, instead of or in addition to traveling with the
fork, DDK is recruited to replicated chromatin by something
else that is FPC-dependent, such as sister chromatid cohesion.
We have also not directly proven that Mer2 phosphorylation
occurs preferentially in the wake of the replication fork. Further
experiments are required to test these aspects of the model.
When DDK is inhibited in meiosis using an ATP-analog-sensi-
tive mutant version of Cdc7, replication proceeds but Mer2
phosphorylation and DSB formation are blocked (Wan et al.,
2006, 2008). If the Cdc7 inhibitor is washed out after replication,870 Cell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc.Mer2 phosphorylation occurs rapidly but DSB formation does
not ensue for another 80–100 min (Wan et al., 2008), compara-
ble to the time between replication and DSBs in normal meiosis
(on average90–120min after fork passage) (Borde et al., 2000).
We propose the following: (1) Mer2 phosphorylation is not nor-
mally an instantaneous trigger for DSB formation, but instead
sets in motion a series of events that leads ultimately to DSBs;
(2) in normal meiosis, much of the delay between replication
and DSB onset is due to events after Mer2 phosphorylation;
and (3) even though DSBs are not made until much later, syn-
chronizing Mer2 phosphorylation with replication imposes tem-
poral order on DSBs because early replicating regions gain a
head start in executing the chain of events that follows Mer2
phosphorylation. These events may include recruitment of
Rec114 and other DSB proteins (Figures 7D and 7E) and assem-
bly of higher-order chromosome loop-axis structures tied to
DSB formation (Panizza et al., 2011) (Figures 7F and 7G).
Interestingly, when CDC7 transcription was placed under the
control of the NDT80 promoter, DSBs appeared roughly concur-
rently with detectable Cdc7 protein, at the end of prophase
(Matos et al., 2008). This observation could indicate that DDK
can provoke rapid DSB formation, in contrast to the proposals
above. One possibility is that the time between DDK action
and ensuing DSB formation is context-dependent: perhaps
events downstream of DDK proceed rapidly when cells have
accumulated the higher levels of Rec114, Mer2, and other pro-
teins characteristic of later prophase, whereas the lower levels
of DSB-promoting proteins present during S phase and early
prophase may yield a longer delay. It is also possible that DDK
plays more complex roles. For example, at low levels it might
set up the replication-DSB coordination we document here,
but higher levels achieved later might be needed to promote
additional events important for DSB formation. Finally, we note
that Matos et al. (2008) did not evaluate Mer2 phosphorylation
directly. Because this normally occurs when DDK levels are
very low, it is possible that Mer2 may have already begun to be
phosphorylated before high-level Cdc7 expression was de-
tected in their system. Further experiments are needed to
fully define events between Mer2 phosphorylation and DSB
formation.
Even with a Mer2 mutant that mimics phosphorylation of DDK
and CDK-S targets (Asp substitutions for Thr-28, Ser-29, and
Ser-30), DDK and CDK-S are still required for DSB formation
(Wan et al., 2008), so there must be other targets. Additional res-
idues in theMer2 N terminus are phosphorylated in vivo andDSB
defects result from mutating two or more serines in this region
matching the DDK target consensus (Sasanuma et al., 2008),
so replication-DSB coordination may involve multiple phosphor-
ylation events on Mer2 itself. Another potential target is histone
H3, which is phosphorylated by DDK on Thr-45 during S phase
(Baker et al., 2010). The function of this histone modification is
not known, and whether it is important for DSB formation and/or
replication-DSB coordination in meiosis has not been tested.
Another attractive target is the cohesin subunit Rec8, which is
required for normal DSB formation in some genomic regions
but not others (Klein et al., 1999; Kugou et al., 2009). Phosphor-
ylation of Rec8 by DDK is important for the metaphase-to-
anaphase transition in Meiosis I (Katis et al., 2010). Whether
Rec8 phosphorylation is also important earlier for DSB formation
remains to be seen, but if so, this could provide another means
for replication-DSB coordination via targeted DDK activity.
Robust Regulation of DSB Timing from Overlapping
Control Mechanisms
Developmentally programmed increases in CDK-S and DDK
levels as cells progress throughmeiosis provide ameans to con-
trol DSB timing, but globally (nucleus-wide) rather than spatially
patterned relative to replication (Henderson et al., 2006; Mura-
kami and Keeney, 2008). It is likely that other pathways also
contribute. For example, many proteins important for DSB for-
mation are developmentally controlled via transcription and/or
splicing (Spo11, Mei4, Mer2, Rec102, Rec104, Rec114, Hop1,
Red1) (Keeney, 2007). Regulated expression may help establish
proper DSB timing by setting an early limit on when cells become
competent to form DSBs. Such control, working globally, is un-
likely to enforce regional control or to direct coupling of replica-
tion to DSBs in cis.
Recent studies in budding and fission yeasts uncovered
mechanisms regulating DSB formation in the face of replication
problems. In S. pombe meiosis, inhibiting replication with hy-
droxyurea triggers a Rad3- and Cds1-dependent checkpoint
that prevents expression of Mde2, a protein essential for DSBs
(Miyoshi et al., 2012; Ogino andMasai, 2006). Hydroxyurea treat-
ment also blocks DSB formation in S. cerevisiae via Mec1 and
Rad53 (orthologs of S. pombe Rad3 and Cds1, respectively),
but in addition to controlling expression of a protein required
for DSB formation (Spo11 in this case), this replication check-
point also inhibits DSB formation by downregulating DDK activity
(Blitzblau and Hochwagen, 2013).
In principle, this checkpoint could establish temporospatial
replication-DSB coordination. For example, replication could
impose a nucleus-wide block to DSB formation that is removed
locally by the moving replication fork (Hochwagen and Amon,
2006). However, it is not yet clear if this checkpoint pathway reg-
ulates DSB formation in unperturbed meiosis (i.e., absent repli-
cation stress). Moreover, we find that Mrc1 is dispensable for
replication-DSB coordination. Mrc1 is essential for the intra-S
phase checkpoint in vegetative cells (Osborn and Elledge,
2003), so if also true inmeiosis, it would imply that the checkpoint
is dispensable for coordination. Finally, the role of Tof1 is not
consistent with this model for replication-DSB coordination, in
which a factor necessary for coordination must either set up
the global DSB block or mediate local relief of the block. But if
Tof1 sets up the block (independently of Mrc1), then DSBs
should occur earlier than normal in tof1Dmutants—the opposite
of what we observed—and the Cdc45-Dbf4 fusion is not pre-
dicted to bypass the Tof1 requirement. Conversely, if Tof1 re-
lieves the block, then DSB formation genome wide should be
greatly reduced in tof1D mutants, which is not observed. We
therefore favor the interpretation that the intra-S phase check-
point regulates DSB formation globally and contributes little if
any to the replication-DSB coordination that proceeds via the
FPC recruiting DDK.
The net effect of this array of distinct but overlapping pro-
cesses is that DSB timing and the integration of DSB formation
with other aspects of meiotic progression are made robustdespite cell-to-cell variation or transient problems caused by
environmental perturbations or other defects. Moreover, this
robustness plus the time elapsed between Mer2 phosphoryla-
tion and DSB formation make it unlikely that DSBs frequently
occur ahead of the replication fork under the conditions in this
study. Because origin deletion delays replication by only
30 min, for DSBs to form on unreplicated DNA it would be
necessary for Mer2 phosphorylation not just to be uncoupled
from replication, but also to occur at least 50 min earlier than
normal on the left arm of chr III.
General Applicability of Replication-Associated
Phosphorylation
In subcellular fractionation experiments in vegetative cells, DDK
associates with chromatin beginning around the G1/S phase
boundary, after chromatin binding of theminichromosomemain-
tenance (MCM) proteins (Weinreich and Stillman, 1999). It is
likely that DDK can be recruited to origins by interaction with
the Mcm2–7 complex to phosphorylate origin-bound targets
and initiate replication (Labib, 2010), but it was not clear whether
DDK can also associate with moving replication forks in vegeta-
tive cells.
Our findings suggest that DDK recruitment to meiotic replica-
tion forks is both necessary and sufficient to establish replica-
tion-DSB coordination. This mechanistic linkage not only
ensures that two distinct chromosomal processes (replication
and DSB formation) occur in the right order, but it also provides
a whole-genome scanning mechanism (via replication fork
traversal) that gives an opportunity to inspect whether a given re-
gion is appropriate for subsequent formation of DSBs. Given that
the FPC and DDK are highly conserved, that they interact in
vegetatively growing fission yeast (Matsumoto et al., 2005;
Shimmoto et al., 2009), that DDK in S. cerevisiae remains on
chromatin throughout S phase (Weinreich and Stillman, 1999),
and that the FPC plays important roles in processes tied to
fork passage such as cohesion establishment (Xu et al., 2004),
it is attractive to consider that FPC recruitment of DDK to repli-
somes might be a general and evolutionarily conserved mecha-
nism to spatially pattern other chromosomal processes that
need to be coordinated with replication.
EXPERIMENTAL PROCEDURES
Detailed methods are in Extended Experimental Procedures. Yeast strains are
of the SK1 background (Table S1). DDK overproduction cassettes containing
an 1.4 kb fragment from the IME1 promoter were integrated at URA3. The
dbf4-db mutant (R62A, F65A) was constructed by site-directed mutagenesis
of the pIME1-DBF4 construct. A 5-glycine linker followed by DBF4-13Myc-
KanMX4 was integrated in-frame at the 30 end of CDC45 to create the
Cdc45-Dbf4 fusion.
Synchronous meiotic cultures were prepared in 2% potassium acetate with
amino acids and 0.001% polypropylene glycol, using the SPS pregrowth
method (Murakami et al., 2009). For DSB analysis, genomic DNA purified in
agarose plugs was separated by PFGE and DSBs on chr III were detected
by Southern blotting with a CHA1 probe. DSB frequencies were corrected
for multiple DSBs on the same chromatid by assuming a Poisson distribution
among chromatids: P(n) = (mnem)/n! where m is mean DSBs per chromatid
and P(n) is the probability that n DSBs occur per chromatid. Parental signal
(Uobs, for ‘‘unbroken’’) approximates unbroken fraction (i.e., P(0) zUobs), so
the mean total DSB number (DSBtotal) is estimated as ln(Uobs). The fractionCell 158, 861–873, August 14, 2014 ª2014 Elsevier Inc. 871
of chromatids that are not broken in the left arm equals the fraction of unbroken
chromatids (Uobs) plus the fraction of chromatids with an observable DSB on
the right arm (DRobs). Thus, DSBleft = ln(Uobs + DRobs). DSB number on the
right arm (DSBright) is then estimated as DSBtotal – DSBleft. Poisson correction
minimizes underestimation caused by inability of indirect end-labeling to
distinguish singly from multiply cut chromatids (see Extended Experimental
Procedures for further discussion). The difference in timing between right-
and left-arm DSB formation (DtL-R) was defined as the displacement between
the accumulation (upward sloping) portions of the normalized steady-state
DSB curves, similar to previous studies (Borde et al., 2000; Murakami et al.,
2003).
Protein expression was assessed by western blotting of extracts prepared
with trichloroacetic acid followed by solubilization in SDS. For coIP experi-
ments, nondenaturing extracts prepared by agitating cells with glass beads
were treated with benzonase. Anti-HA or anti-myc conjugated beads were
used for IPs. For Rec114 ChIP, sporulating cells were crosslinked with 1%
formaldehyde for 30 min at room temperature, then chromatin extracts were
prepared by lysis with glass beads, sheared by sonication to an average of
<500 bp, and subjected to IP with anti-Myc or control antibodies (mouse
IgG). ChIP efficiencies (percent of IP input) were measured by qPCR. ChIP
and input samples were sequenced (Illumina 50 bp or 75 bp paired-end reads),
reads were mapped using BWA, then coverage maps were scaled propor-
tional to the absolute ChIP efficiencies from qPCR. Rec114 accumulation
time was measured by two-step curve fitting (log-normal followed by logistic
fitting). DNA replication timing was assessed by measuring relative copy num-
ber by sequencing total genomic DNA or ChIP input samples collected at
various times in meiosis and by 2D gel electrophoresis of replication interme-
diates. Bioinformatic analysis and curve fitting were performed in R (http://
www.r-project.org/).
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